Abstract
Purpose Cardiopulmonary bypass (CPB) induces a significant inflammatory response that may increase the risk for delirium. We hypothesized that exposure to CPB during coronary artery bypass grafting (CABG) surgery would correlate with an increased risk of delirium. Methods We reviewed clinical data from two databases at our medical centre -the Cardiac Surgery Perioperative Outcomes Database and the Society of Thoracic Surgeons Database. Patients undergoing elective CABG surgery (onpump and off-pump) from November 1, 2009 to September 30, 2015 were included in the study. Delirium was defined as any postoperative positive Confusion Assessment Method for the Intensive Care Unit exam during the intensive care unit stay. We performed logistic regression to isolate the association between CPB exposure and delirium adjusted for predetermined risk factors and potential confounders. Results During the study period, 2,280 patients underwent elective CABG surgery, with 384 patients (16.9%) exposed to CPB. Delirium was diagnosed in 451 patients (19.8%). Exposure to CPB showed a significant independent association with delirium. Patients exposed to CPB for 142 min (90 th percentile of CPB duration) vs those exposed for 54 min (10 th percentile) had an adjusted relative risk (RR) of delirium of 2.18 (95% confidence interval [CI], 1.39 to 3.07; P = 0.002) vs a RR of 1.51 (95% CI, 0.92 to 2.29; P = 0.10), respectively. Conclusions The use and duration of cardiopulmonary bypass were associated with an increased risk of delirium in patients undergoing CABG surgery. Trial registration www.clinicaltrials.gov, NCT02548975. Registered 4 September 2015.
Résumé
Objectif La circulation extracorporelle (CEC) cause une réaction inflammatoire significative qui pourrait augmenter le risque de délirium. Nous avons émis l'hypothèse que l'exposition à la CEC pendant une chirurgie de pontage aortocoronarien (PAC) serait corrélée à un risque accru de délirium. Méthode Nous avons passé en revue les données cliniques tirées de deux bases de données dans notre centre médical, soit la Base de données sur les résultats périopératoires de chirurgie cardiaque et la Base de données de la Société des chirurgiens thoraciques. Les patients subissant une chirurgie de PAC non urgente (avec ou sans CEC) entre Up to 50% of patients older than 60 yrs experience postoperative delirium following cardiac surgery. 1 Delirium is associated with many adverse hospital outcomes, including increased mortality and nosocomial complications, poor one-year functional recovery, and even postoperative cognitive decline (POCD). [2] [3] [4] Studies investigating medications and other interventions to reduce the incidence of delirium have been conducted 5 ; however, so far the results have not truly influenced clinical practice. A theory behind the development of delirium is that systemic inflammation causes disruption of the blood-brain barrier leading to a neuroinflammatory process in which neurons are susceptible to injury and dysfunction. 6 Therefore, a condition or exposure that produces an inflammatory response, such as cardiopulmonary bypass (CPB), may increase the risk for delirium.
Several biomarkers implicated in the neuroinflammatory pathway have been investigated in POCD and also delirium after cardiac surgery. [6] [7] [8] Studies have shown increases in biomarker levels, such as S100b for disruption of the blood-brain barrier and neuron-specific enolase for neuronal injury, to be indicative of cerebral damage in patients undergoing on-pump cardiac surgery compared with off-pump cases [9] [10] [11] that may lead to a lower prevalence of delirium. 12 These findings suggest a greater inflammatory response with exposure to CPB.
Previous studies have supported a link between delirium and POCD, suggesting that the cognitive disturbance seen in each condition may be related. 13, 14 Investigators have evaluated whether or not differences in POCD exist between patients exposed vs those not exposed to CPB during cardiac surgery. The results are inconclusive, with some suggesting greater POCD in CPB patients 15 and others finding no difference. 16, 17 Studies investigating an association between CPB and delirium are lacking; hence, this is the main objective of our study.
Accordingly, we completed this study to test the hypothesis that exposure to CPB during coronary artery bypass grafting surgery would be associated with an increased incidence of postoperative delirium.
Methods
The Society of Thoracic Surgeons National Adult Cardiac Database (STS-NCD) was established in 1989 to compile perioperative data on patients undergoing cardiac surgery. Data are collected quarterly from Vanderbilt University Medical Center (VUMC) and entered into the STS-NCD. The Cardiac Surgery Perioperative Outcomes Database (POD) at VUMC is an Institutional Review Board (IRB) approved data registry of cardiac surgical patients. The POD links and stores patient information from the VUMC electronic medical record. Extensive information is recorded in the POD, including laboratory values, medical conditions, patient history, and some perioperative information, such as medications administered and surgical times. Both databases contain prospectively collected data on cardiac surgery patients at VUMC which are stored and managed using REDCap (Research Electronic Data Capture) tools. 18 Data from the STS database at VUMC and the POD were linked using electronic medical record numbers and date of surgery to create a unique identifier. The data quality was verified by independent investigators (J.B.O. and F.T.B.), with frequent crosschecks for completeness and consistency of the datasets. The STS database for VUMC also undergoes both internal and external audits, with internal audits occurring quarterly to crosscheck data for accuracy. This paper has been structured according to the STrengthening the Reporting of OBservational studies in Epidemiology (STROBE) criteria for cohort studies. 19 The VUMC IRB reviewed and approved the study on September 14, 2015 under protocol #151362.
Study design
This was a historical cohort study of patients undergoing either elective on-pump coronary artery bypass grafting (CABG) or off-pump coronary artery bypass grafting (OPCAB) cardiac surgery at VUMC from November 1, 2009 to September 30, 2015.
Variables
On-pump coronary artery bypass grafting surgeries were defined by the use of CPB at any time during coronary artery bypass grafting. Off-pump coronary artery bypass grafting surgeries were defined as surgeries in which CPB was not used during coronary artery bypass grafting. Only elective procedures were included in the study, and patients undergoing combined CABG and valve operations were excluded.
Primary outcome
Delirium was defined as any postoperative positive Confusion Assessment Method for the Intensive Care Unit (CAM-ICU) exam during the ICU stay. At our institution, ICU standard practice directs bedside nurses to perform a CAM-ICU exam twice per 12-hr shift. Delirium is a major emphasis within our institution, and nurses are extensively trained to complete an accurate CAM-ICU exam at bedside. Completing a CAM-ICU exam twice per 12-hr shift is considered standard of care within the ICU, and this frequency was initiated at our institution in 2007. Duration of delirium was defined as total number of days with CAM-ICU positive recorded in the patient's chart (if a patient was positive for either one or both of the daily assessments, this was still considered a day of delirium). Delirium was not assessed after patients were transferred to the floor.
Secondary outcomes
In-hospital, 30-day, 60-day, 90-day, and one-year mortality data were obtained from the POD. Acute kidney injury (AKI) was defined using Kidney Disease: Improving Global Outcomes (KDIGO) stage 1, 2, or 3 serum creatinine (SCr) criteria. 20 The development of postoperative atrial fibrillation (AF) was defined as a report of newly diagnosed AF in the patient's medical record after surgery. Hospital length of stay (LOS) was reported in days. Postoperative stroke was defined as any confirmed neurological deficit of abrupt onset caused by a disturbance in blood supply to the brain that did not resolve within 24 hours per STS-NCD guidelines.
Statistical analysis
All patient demographic and clinical data were summarized using counts and percentiles, means and standard deviations, or medians [interquartile range (IQR)] by group (CABG/OPCAB). The Pearson Chi square and Deuchler-Wilcoxon tests were used to make unadjusted comparisons between groups. Logistic regression was performed to determine the adjusted association between exposure to CPB and the risk of delirium, KDIGO stage 1, KDIGO stage 2, AF, and oneyear mortality, adjusting for the following pre-specified risk factors and potential confounders: history of cerebrovascular disease, age, race, body mass index (BMI), current tobacco use, chronic lung disease, history of diabetes, dyslipidemia, end-stage renal disease, hypertension, congestive heart failure, myocardial infarction, peripheral arterial disease, cerebrovascular disease, previous cardiac surgery, preoperative hematocrit, SCr, and glomerular filtration rate.
The effects of CPB were summarized using an adjusted relative risk (RR) with 95% confidence interval (CI). The adjusted RR was computed from the adjusted odds ratio using the method of Zhang and Yu, 21 where the baseline risk was taken as the marginal risk among OPCAB patients. Goodness-of-fit for logistic regression analyses was examined using the C-statistic. Linear regression was used to quantify the association between CPB exposure and log-transformed LOS while adjusting for the same set of risk factors and confounders. Continuous covariates, including CPB duration and age, were modelled using restricted cubic splines with four evenly spaced knots. Given the nested relationship between CPB exposure (CABG group) and CPB duration, a multiple degree-offreedom for likelihood ratio test 22 was performed to test for overall associations with the outcomes. The effect of CPB duration vs OPCAB was further summarized by computing the adjusted RR at a sequence of percentiles of CPB duration (10 th = 54 min, 25 th = 73 min, 50 th = 91 min, 75 th = 113 min, and 90 th percentile = 142 min), with pointwise Wald-type 95% CI. Normal quantile-quantile (Q-Q) plots were used to examine the residuals of linear regression analyses. The normal Q-Q plots for all the models did not show obvious deviations from the assumption of the normal distribution of the outcomes. The remaining binary outcomes of postoperative stroke, death in hospital, death within 30 days, 60 days, and 90 days were rare and thus were not analyzed using regression analysis. The statistical significance threshold (P \ 0.05) was selected to preserve a 5% testwise type I error rate. We did not attempt to control the familywise type I error probability.
Results
The final dataset included 5,659 cardiac surgery cases that met our inclusion criteria. Emergency cases (designated by American Society of Anesthesiologists physical status classification) and valve surgery cases were excluded, leaving 2,280 cases for the study (Fig. 1 (Table 1 ). The demographics, including age, sex, and BMI, were similar between the groups. The CABG group had more comorbidities than the OPCAB group, including history of myocardial infarction, history of congestive heart failure, and current tobacco use. Other comorbidities and baseline laboratory values were similar across both groups.
Outcomes
The unadjusted univariate analyses are outlined in Table 2 . After adjusting for risk factors and potential confounders, the estimated effect of CPB was unfavourable for each outcome (Table 3) . After adjusting for potential confounders, there was strong evidence that use and duration of CPB were associated with an increased risk of postoperative delirium (P = 0.002). There was also an association between CPB use and hospital LOS (P = 0.047), though its strength is uncertain without adjusting for an interaction with CPB time itself or other potential covariates. After adjustment, there was no evidence of an association between CPB and other outcomes.
Extended CPB duration was associated with an increased risk of delirium and potentially prolonged hospital stay. When compared with OPCAB procedures, the risk of delirium was more than twofold greater (RR, 2.18; 95% CI, 1.39 to 3.07; P = 0.002) among patients who were exposed to CPB for 142 min (90 th percentile of CPB duration). This compares with the adjusted RR of only 1.51 (95% CI, 0.92 to 2.29; P = 0.10) for those on CPB for 54 min (10 th percentile) (Fig. 2) . Hospital LOS was prolonged by 12% (95% CI, 0 to 25; P = 0.05) and 3% (95% CI, -7 to 14; P = 0.59) for patients on CPB for 142 and 54 min, respectively (Fig. 3) .
Discussion
In our study, CPB exposure and duration were significantly associated with the incidence of delirium following cardiac surgery. As duration of CPB increased, hospital LOS also increased, though we could not rule out an interaction with delirium itself (or other covariates). Other secondary outcomes, including mortality, postoperative AF, and AKI stages 1 and 2, showed increasing odds with prolonged CPB duration, although these findings were not statistically significant. The overall incidence of delirium was 19.8%, which corresponds to previous studies. 23, 24 Studies of the potential effect of CPB on postoperative delirium are lacking, but several studies have investigated an association between CPB exposure and POCD, which may be linked to postoperative delirium. 13, [15] [16] [17] In a study conducted by Baba et al. in elderly patients with severe systemic atherosclerosis, results showed reduced POCD in OPCAB vs CABG patients when neuropsychological dysfunction was measured one week postoperatively. 15 In a meta-analysis of eight randomized trials, no difference was found between OPCAB and CABG patients when evaluating for POCD. 16 Results of a pilot study investigating postoperative delirium and POCD showed that patients undergoing valve surgery with or without CABG had higher rates of both delirium and POCD than patients undergoing CABG alone. 25 This study did not directly analyze the effects of CPB duration with either outcome, although the valve surgery with or without CABG group had significantly longer mean (SD) runs on CPB compared with the CABG alone group [173 (53) min vs 139 (37) min; P = 0.01]. 25 Results of another study which aimed to construct a predictive model for delirium in cardiac surgery patients showed increased odds for delirium with increased duration (per 30 min) of surgery (OR, 1.3; 95% CI, 1.1 to 1.5; P \ 0.001). In our study, the odds of delirium increased as CPB duration increased, suggesting that prolonged CPB duration may contribute to an increased risk of delirium postoperatively.
Acute kidney injury occurs in up to 30% of cardiac surgery patients. 26 A link between on-pump coronary artery grafting cardiac surgery and AKI has been Statistical significance for categorical variables tested using Pearson test and Deuchler-Wilcoxon procedure for continuous variables. BMI = body mass index; CABG = on-pump coronary artery bypass grafting surgery; eGFR = estimated glomerular filtration rate; ESRD = end-stage renal disease; OPCAB = off-pump coronary artery bypass grafting surgery; SCr = serum creatinine; SD = standard deviation. *P \ 0.05; P \ 0.01
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investigated, but previous studies have shown marginal benefit with OPCAB in preventing this insult. [27] [28] [29] Our study is consistent with these findings as there was no significant difference between the CABG and OPCAB groups at any stage of AKI. Thus, our results do not suggest an advantage to avoiding the use of CPB and/or limiting Statistical significance for categorical variables tested using Pearson test and Deuchler-Wilcoxon procedure for continuous variables. CABG = on-pump coronary artery bypass grafting surgery; KDIGO = Kidney Disease: Improving Global Outcome; OPCAB = off-pump coronary artery bypass grafting surgery; SD = standard deviation. *P B 0.05, P \ 0.01 the duration of exposure to CPB for the outcome of AKI in patients undergoing CABG surgery.
The development of AF after cardiac surgery is fairly common and the incidence may be as high as 50%. [30] [31] [32] Considering the significant amount of systemic inflammation generated during on-pump cardiac surgery, the use of CPB may be a risk factor for developing AF following cardiac surgery. 33 This theory is supported by Davoodi et al. in their study which showed a higher prevalence of postoperative AF in patients exposed vs not exposed to CPB. 34 In our study, the odds of postoperative AF steadily increased with longer bypass run; however, this finding was not statistically significant and does not support an association between CPB and AF.
In our cohort, the incidence of stroke among patients undergoing OPCAB was similar to that of CABG patients. A meta-analysis of randomized trials comparing on-pump with off-pump CABG surgery showed a 20.7% reduction in the incidence of stroke in off-pump patients. 35 Nevertheless, a Cochrane review of 86 randomized trials did not show a difference in stroke rates when comparing on-pump with off-pump patients. 36 With such a low incidence of stroke in this patient population, finding a statistically significant difference may be difficult. Our results do not advocate a true benefit to OPCAB for a reduction in the rate of postoperative stroke.
Limitations
The cohort's large population strengthens our study. The databases used in the study (VUMC POD and VUMC STS) contain prospectively collected data. Even so, limitations should be considered before interpreting our results.
Our study was completed at a single tertiary medical centre, and the generalizability of our findings should be considered. There is also an institutional bias towards OPCAB over CABG at VUMC. Another consideration is selection bias for or against on-pump surgery based on surgeon preference or known patient comorbidities. Other surgical techniques were not accounted for in this study, including the use of single or partial aortic cross-clamp, how the proximal anastomoses were implanted, the location and type of cannulae used for on-pump CABG, and other variances between surgeons. The analyses were completed with adjustments for several confounders and risk factors; however, residual confounding could be present as this was a non-randomized study. Known risk factors for delirium, such as dementia, decreased functional status, and psychiatric illness, were not incorporated into the model. 37 Hemodynamic data were not available for inclusion in our analysis, which may differ when comparing OPCAB with CABG patients. Deviations from optimal intraoperative blood pressure could also be linked to delirium. 38 Nurses in the ICU recorded delirium using the CAM-ICU method. Although use of the CAM-ICU by nurses was previously validated, 39 the consistency by which delirium was measured may not have been similar across all patients. Also, delirium is a waxing and waning condition, and delirious episodes could have been missed in some patients at the times delirium was measured. Sedation protocols were not standardized for the patients included in the study, and the amount of opiates, benzodiazepines, and other sedatives varied in the study population; consequently, these data were not available for inclusion as covariates in the study.
Conclusions
In this large historical study of prospectively collected data, we found an association between CPB use and postoperative delirium in cardiac surgery patients. Given these findings, medical centres should consider avoiding the use of CPB when appropriate. Future studies that randomize patients to either an on-pump or an off-pump group for CABG may further elucidate associations between CPB use and adverse outcomes following cardiac surgery.
